Abstract -The objective of this work was to define the best alternative methods for estimating the reference evapotranspiration (ETo) in the main climatic types (Cfa and Cfb) of the state of Paraná, Brazil. The methods tested were Budyko, Camargo, Hargreaves-Samani, Linacre, and Thornthwaite, which were compared to the ETo calculated with the Penman-Monteith ASCE (ETo PM ) method, between 1986 and 2015, in eight meteorological stations. The performance of the alternative methods was obtained from the coefficient of determination (R 
Introduction
The reference evapotranspiration (ETo) is one of the most important hydrological variables for interpretation of agricultural water balances and irrigation management (Yan et al., 2012) . The ETo can be measured directly from lysimeters and evapotranspirometers, or estimated from theoretical methods based on climate variables such as air temperature and solar radiation (Allen et al., 1998; Todorovic et al., 2013; Pereira et al., 2015) . Due to the high cost of direct measurement, however, the estimated ETo has been used with satisfactory performance around the world (Pandey et al., 2016) .
Traditionally, the combined method of PenmanMonteith, parameterized by the Food and Agriculture Organization of the United Nations (Allen et al., 1998) and by the American Society of Civil Engineers (Allen et al., 2005) , is recognized as the standard method for estimating ETo (Chauhan & Shrivastava, 2009 ). However, the lack of many variables needed for the calculation has been limiting the use of this method in Brazil and in other countries with economical or technical restraints for the installation and maintenance of meteorological stations. This situation results in incomplete or inconsistent data series (Souza et al., 2014; Alencar et al., 2015) , even considering the different climate database of meteorological data around the world, as World Climate Database (Hijmans et al., 2005) .
Therefore, alternative methods have been developed to estimate ETo with a small number of climate variables of easy measurement (Chauhan & Shrivastava, 2009) , with the following examples over the last 50 years: Penman (1948) , Thornthwaite (1948 ), Campbell (1973 , Budyko (1974) , Linacre (1977) , and Hargreaves & Samani (1985) . Nonetheless, it is common for the literature to report only the comparative performance of these methods to the Penman-Monteith standard (Borges & Mendiondo, 2007; Oliveira et al., 2008; Trajkovic & Kolakovic, 2009) , with few studies analyzing the adjustment of the alternative methods to different climate types (Todorovic et al., 2013) , despite the fact that several authors had clearly demonstrated the influence of it on ETo estimation as well as on the performance of the alternative methods (Trajkovic & Kolakovic, 2009; Pandey et al., 2016) . Due to climate variability observed in the state of Paraná, Brazil, studies of this nature are important for the region, as they would allow the identification of trends and limitations of the alternative methods, as well as the choice of the best method for each climate type.
The objective of this work was to define the best alternative methods for estimating the reference evapotranspiration (ETo) in the main climatic types (Cfa and Cfb) of the state of Paraná, Brazil.
Materials and Methods
Analyses were carried out for a set of 30 years of daily historical data (January 1986 to December 2015) of maximum, minimum, and average air temperatures ), available at the Brazilian National Institute of Meteorology (Inmet, 2016) . These data were obtained from eight automatic weather stations located in the state of Paraná (Figure 1 ), under the climate types Cfa and Cfb, which represent 61.7 and 37% of the state area, respectively. According to Köppen (1936) , the Cfa climate is characterized as subtropical, with hot summers and an annual mean temperature between 16 and 18°C, while Cfb is a temperate climate, with mild summers, no dry season, and average precipitation of 1,500 mm year -1 (Alvares et al., 2013) . The meteorological stations used (Figure 1) were the only ones in the state with sufficient representative data to compare the alternative methods Budyko (1974) , Camargo (1971) , Hargreaves & Samani (1985) , Linacre (1977) and Thornthwaite (1948) with the Penman-Monteith (Allen et al., 2005) standard.
Daily reference evapotranspiration (ETo PM ) was estimated with Penman-Monteith method, parameterized by American Society of Civil Engineers (Allen at al., 2005) . 
where ETo PM is the reference evapotranspiration (mm d ); e s , the saturation vapor pressure (kPa); e a , the actual vapor pressure (kPa); C n , the constant related to the reference cover type and to the calculation time step, considered equal to 900 for grass (dimensionless); and C d , a constant related to the reference cover type and calculation time step, considered equal to 0.34 for grass (dimensionless).
Daily vapor pressure deficit was estimated by the difference between saturated and actual vapor pressure (e s -e a ). Saturated vapor pressure was calculated using air temperature based on the Tetens formula. Actual vapor pressure was obtained by saturated vapor pressure multiplied by fractional humidity. Daily net radiation (Rn) was estimated by the difference between net longwave and shortwave radiation. The net longwave radiation (NLR) was obtained by the relative shortwave radiation (Rs/ Rso), air temperature, and actual vapor pressure. The net shortwave radiation (NSR) was obtained by solar radiation (Rs), which was estimated by the relation between extraterrestrial radiation (Ra) and relative sunshine duration (n/N) (Pereira et al., 2015) . The soil heat flux (G) was calculated using air temperature (Pereira et al., 1997) . The wind speed measurements were transformed to wind speed at 2-m height by the wind profile relationship (Allen et al., 1998) .
The Budyko (1974) method uses the following expression: ETo B i = 0.20 × T i, where ETo B i is the reference evapotranspiration obtained using the Budyko (1974) method for the i-th day (mm day -1 ); and T is the daily average air temperature in the i-th day (°C). For the Camargo (1971) method, the expression ETo Ci = Qo i × F × T i was used, where: ETo Ci is the reference evapotranspiration by Camargo (1971) method, for the i-th day (mm day -1 ); Qo i , the radiation of the i-th day, calculated as evaporation (mm day -1 ); F, the adjustment factor according to the site; and T, the daily average air temperature (°C).
The extraterrestrial radiation of the i-th day was transformed in equivalent evaporation (Qo i -mm day where R a is the extraterrestrial radiation of the i-th day (MJ m -2 day -1
). The extraterrestrial radiation (Ra) was obtained according to Allen et al. (1998) .
The Hargreaves & Samani (1985) method was calculated with the expression:
, where ETo HS i is the reference evapotranspiration by Hargreaves & Samani (1985) method for the i-th day (mm day -1 ); Qo i , the extraterrestrial radiation of the i-th day, calculated as evaporation (mm day -1 ); T i , the daily average air temperature (°C); T MAX i , the maximum air temperature in the i-th day ( o C); and T MIN i , the minimum air temperature in the i-th day (°C).
The transformation of the extraterrestrial radiation of the i-th day in equivalent of evaporation (Qo i -mm day ); T, the daily average air temperature (°C); z, the local altitude (m); ϕ, the site latitude (degrees); and Td i , the dew point temperature in the i-th day (°C).
The Thornthwaite (1948) where ETo THi is the reference evapotranspiration by Thornthwaite (1948) method for the i-th day (mm day -1 ); N i , the photoperiod in i-th day (h); T, the daily average air temperature (°C); a, the cubic function of the heat index (I) of the region (dimensionless); I, the heat index in the region (dimensionless); and T a , the average normal temperature of the m-th month of the year (°C).
The performance of the alternative methods was evaluated according to the adjustment of the estimated ETo to standard ETo obtained with the Penman-Monteith (Allen at al., 2005) method, using: linear regression analysis (R 2 ), agreement index "d" (Willmott et al., 1985) , performance index "c" (Camargo & Sentelhas, 1997) (Table 1) , and root mean square error (RMSE), obtained with the following equations: ); n, the number of observations (dimensionless); c, the performance index of Camargo & Sentelhas (1997) (dimensionless); r, the correlation coefficient (dimensionless); and RMSE, the root mean square error (mm day -1 ).
Results and Discussion
The climate types had significant effect on the performance of the alternative methods (Tables 2 and  3) , as it was also reported in Trajkovic & Kolakovic (2009) and Pandey et al. (2016) . In general, the Hargreaves-Samani and Camargo methods showed the best performances for both Cfa and Cfb climates, and the Camargo method had the smallest errors (RMSE). Syperreck et al. (2008) evaluated alternative methods in a single locality with Cfa climate in Paraná, and observed that the Hargreaves-Samani method provided the best results (r = 0.86, d = 0.85, and c = 0.73), followed by the methods of Thornthwaite and Camargo. Camargo & Sentelhas (1997) , comparing 20 alternative methods of estimation of ETo with measurements in evapotranspirometers in the state of São Paulo (Cfa), Brazil, reported better estimates for the methods of Camargo and Thornthwaite.
The use of solar radiation in alternative methods is acknowledged as a sound procedure for estimating ETo in the literature, providing good results (Yoder et al., 2005; Irmak et al., 2006) . The Hargreaves-Samani and Camargo methods use it as an input variable (Yan et al., 2012) , which may have contributed to the best estimates of ETo obtained with them. According to Hupet & Vanclooster (2001) , solar radiation has a great influence on the ETo in cold and humid climates, due to the lower magnitude and influence of the other Table 1 . Interpretation criteria of the alternative methods performance, according to c index proposed by Camargo & Sentelhas (1997) . Souza et al. (2014) , the HargreavesSamani method tends to perform better in hot climate regions, with high average temperatures throughout the year, since the method is based on the mean temperature and on the maximum daytime temperature.
The Linacre method showed a good performance only in Campo Mourão (Cfa climate); and its performance in the other evaluated regions ranged between "poor" and "tolerable". This method was developed from data obtained in different locations of Africa and South America (Souza et al., 2014) , and it is mostly a simplification of the Penman (1948) model, which uses air temperature functions as the difference between the mean temperature and the dew point temperature.
The methods of Thornthwaite and Budyko were not adequate to estimate ETo in neither of the climate types studied in Paraná. This result was due to the fact that they are based only on the air temperature. Mendonça et al. (2003 ), Cavalcante Júnior et al. (2011 and Todorovic et al. (2013) observed a better adjustment of these methods for hot and dry climates, which is in accordance with their low performances in the cold and humid climates of the state of Paraná.
Conclusions
1. The Hargreaves-Samani method performs better in estimating the reference evapotranspiration (ETo) for the main climate types of the state of Paraná, Brazil.
2. The Camargo method allows smaller errors between the standard values of ETo, obtained with Penman-Monteith, and estimated values.
3. The Thornthwaite, Linacre, and Budyko methods are not suited to estimate the ETo in neither of the climate types evaluated in the state of Paraná.
